Located in the Tibetan Plateau, the upstream regions of the Mekong River (UM) and the Salween River (US) are very sensitive to climate change. The 'VIC-glacier' model, which links a degree-day glacier algorithm with variable infiltration capacity (VIC) model, was employed and the model parameters were calibrated on observed streamflow, glacier mass balance and MODIS snowcover data. Results indicate that: (1) glacier-melt runoff exhibits a significant increase in both areas by the Mann-Kendall test. Snowmelt runoff shows an increasing trend in the UM, while the US is characterized by a decreasing tendency. In the UM, the snowmelt runoff peak shifts from June in the baseline period to May for both the 1990s and 2000s; (2) rainfall runoff was considered as the first dominant factor driving changes of river discharge, which could be responsible for over 84% in total runoff trend over the two regions. The glacial runoff illustrates the secondary influence on the total runoff tendency; (3) although the hydrological regime is rain dominated in these two basins, the glacier compensation effect in these regions is obvious, especially in dry years.
INTRODUCTION
The Tibetan Plateau (TP) and the surrounding Himalayas, with an average altitude of 4,000 m a.s.l and an area of about 2.5 × 10 6 km 2 , is the highest and most extensive highland and is also called the Third Pole (Qiu ) . The TP exerts a profound influence on the East Asian and global climate (Lu et al. ) , and is considered as a sensitive region and the amplifier for global climate change (Ma et al. ) . The TP is also the source region of many major Asian rivers, such as the Brahmaputra, Mekong, Salween, Yellow and Yangtze Rivers, and is considered as the 'water towers of Asia' (Immerzeel et al. ; Zhang et al. ; Liu et al. a) . Discharge from these rivers sustains the lives of hundreds of millions of people living downstream and so preservation of these water resources is crucial for social and economic development over these regions (Immerzeel et al. ; Liu et al. a) .
The TP is characterized by an abundance of glaciers and snow cover. The glacier area over the TP is about 91,822 km 2 (Kotlyakov et al. ) and is the third largest on Earth, after the Arctic/Greenland and Antarctic regions. Snow covers the majority of the TP during winter (Immerzeel et al. ) .
Glacier and snow cover over the TP is very sensitive to rising temperature. Studies based on observed meteorological data have suggested a warming trend over the TP in the past several decades, particularly since the 1980s (Duan & Wu ; Kuang & Jiao ) , and the increasing rate is more rapid than that of surrounding areas (Wang ) . Under the warming climate, the glaciers on the TP have generally been retreating, with the largest shrinkage in the southeastern TP and the least in the interior and northwestern TP (Yao et al. , ; Bolch et al. ) . Simultaneously, snow coverage or snow water in the TP has also responded to climate change and experienced changes over the past period (Li et al. ) . However, at present, there is no consistent conclusion about the snow cover change over the TP.
Glacier and snow are crucial water sources of rivers and greatly influence the hydrological and biological processes in the TP and the surrounding areas (Immerzeel et ). The changes of glacier and snow cover due to the warming climate have exerted impacts on the water budgets over the TP (Liu et al. a) . In a warmer climate, snow will melt earlier in the year than it did before and likely affect the timing of runoff, especially in the spring when water demand for irrigation is high (Barnett et al. ) . As well, changes in the amount of glacial runoff and precipitation also tend to greatly affect the volume of runoff over the TP (Yao et al. ) . Yao et al. () found that the glacial retreat in the 1990s has caused glacial meltwater runoff increasing by more than 5.5% in Northwestern China. The southeast TP, due to longterm perennial snow and glacier melting, has been shown to have among the highest total water storage depletion rates globally (Jacob et al. ; Yao et al. ; Chen et al. ) .
In terms of river basin, Zhang et al. () assessed the influence of glacier runoff and climate change on the river runoff over the Tuotuo river basin located in the source region of the Yangtze River, and indicated that a two-third increase in river runoff in the 1990s was caused by loss of ice mass as a result of warming climate. Also, Yao et al.
() have investigated the impacts of climate change and glacier on river runoff in the source region of the Yangtze River during 1986-2009, and found that the increased glacier-melt runoff due to temperature rising accounted for 17.5% of the total runoff changes and the remaining change was caused by the runoff induced from precipitation. In the Upper Brahmaputra River basin, the interannual variability of total water storage was controlled mainly by glacier mass changes driven primarily by temperature changes (Chen et al. ; Meng et al. ) . In addition, the impact of climate change on water availability over the basins of Brahmaputra and Mekong Rivers was investigated by a hydrologic budget balance method, and the results indicate that increasing glacial meltwater had great effect on runoff changes during 1960-2010 (Liu et al. b) . Meanwhile, in the upper Indus and Salween basin, it is found that the regional warming affected the local hydrology due to accelerated glacial melting during the simulation period (Immerzeel et al. ; Wang & Chen ) . Furthermore, Cao et al. () analysed the discharge change of five large rivers over the TP during the years 1956-2000, and found that climate change had a significant effect on the seasonal runoff variation, especially that in the spring. However, most of the above studies are based on statistical analysis of the observed data to characterize the controlling roles of melt water and rainfall runoff in the TP river flow change, and comprehensive quantitative investigations into attribution of streamflow trends to the different runoff components by hydrological simulation are still relatively few. In addition, few studies are involved in quantitative analysis of the response of rainfall runoff, glacial runoff and snowmelt to recent warming climate.
In this study, a degree-day glacier algorithm (Hock ) linking with the variable infiltration capacity (VIC) model 
STUDY AREA AND DATA

Study area
In this study, the upstream regions of the Mekong River (UM) above Changdu station and the Salween River (US) above the Jiayuqiao hydrologic station were chosen as the study areas, respectively ( Figure 1 ). The two upstream basins are located within 91-99 E and 30-34 N and cover a total area of about 1.21 × 10 5 km 2 (Table 1) . The elevation of the study basins varies from about 2,170 to 6,667 m a.s.l. The hydrological gauges of Changdu and Jiayuqiao are the control outlets of the UM and US, respectively ( Figure 1) . The UM and US are located in the southeastern TP and belong to the Tibetan Plateau climate system, characterized by a wet and warm summer and a cold and dry winter. The UM and US are predominantly affected by the monsoon in the summer (June-August) while in winter (December-February) westerlies prevail. In addition, for the two regions, the US has the relatively large glacier coverage (about 1,152 km 2 and accounting for 1.7% of the basin area) whereas the UM has relatively less ice area (about 226 km 2 and 0.42% of the basin) (Table 1) (from the First Chinese Glacier Inventory: http://westdc.westgis.ac.cn/glacier).
Data
The atmospheric forcing data (maximum and minimum temperature, precipitation and wind speed), topography, soil and vegetation are required for running the VIC hydrological model. Other meteorological variables, such as Monthly observed streamflow data at Changdu (1964 ( -2009 ( ) and Jiayuqiao (1980 ( -1985 (Figure 1 suggested that the MODIS data can be used to assess the snow cover dynamics in the TP. 
METHOD Hydrological model
In this study, the VIC model ( ). In this study, we utilized this VIC-glacier model. The total runoff includes the glacier meltwater from each grid which is estimated as:
where R(i) is the total runoff (mm) in grid i; f is the ratio of glacier area over grid i; Rvic is the estimated runoff for the ice-free part in grid i; Mi is the calculated melt runoff (mm) from the glacier part in grid i using the degree-day model.
The glacier volume is estimated using a modified equation:
where V is the ice volume and S is the total glacier area. The initial ice volume in the catchment was estimated from an inversion of Equation (2) using glacier surface area derived from the glacier distribution data. In our study, the VICglacier model was set up over the study basins at a spatial resolution of 1/12 × 1/12 .
Model parameters
The performances of the VIC-glacier model in the UM and US largely rely on two categories of model par- Table 3 .
Trends and attribution analyses
In this study, the Mann-Kendall test (Mann ; Kendall ) was used to examine the monotonic trend of hydrometeorological variables for the period of 1964-2013. In this method, the standard normal statistic Z is estimated by:
where t is the extent of any given tie. A positive value of Z indicates an increasing trend and vice versa. The test statistic Z is not statistically significant if ÀZ α=2 <Z < Zα=2
while it is statistically significant if Z < À Zα=2 or Z > Zα=2.
In order to quantify the trend magnitude, the Theil-Sen approach (TSA) was employed (Kumar et al. ) . The TSA slope β is defined as:
Positive and negative β values indicate an increasing or decreasing trend, respectively.
In this study, total runoff consists of rainfall runoff, snowmelt and glacial runoff. Thus, a change in individual runoff component will cause variation of the total runoff, and vice versa. The trend for total runoff is the sum of the trends of the three individual runoff DDF ice (mm C À1 day À1 ) Degree-day factor for ice-melt 3.4-13.8 11.5 7.1 DDF snow (mm C À1 day À1 ) Degree-day factor for snowmelt 3.0-7.9 6. components. Such changes can be described by the following formula:
where ΔR is the trend in total runoff for 1964-2013, Δ Rr, Δ Rs and Δ Rg are the trend for rainfall runoff, snowmelt and glacial runoff over the same period, respectively.
The trend magnitude for total runoff (ΔR), rainfall runoff (Δ Rr), snowmelt runoff (Δ Rs) and glacial runoff (Δ Rg) can be calculated by Equation (9). Furthermore, the per cent contribution of trend in individual runoff variable to the tendency of the total runoff can be calculated as follows:
where (1964 ( -2009 ( ) and US basins (1980 ( -1985 . Also, comparisons between mean monthly modelled and measured hydrograph are presented in Figure 4 . Table 3 lists calibrated values for the chosen parameters in each focus region, which were determined by using trial and error techniques. In addition, the deriving evaluated statistics for the modelling efficiency over the two regions are shown in Table 4 .
RESULTS
Model validation
Generally, the simulated monthly streamflow during the focus period can capture the observed evolution and magni- 
Runoff components
In this study, the total runoff consists of three components:
rainfall runoff (including direct rainfall surface runoff and subsurface runoff), snowmelt runoff (surface runoff from melting snow) and glacier runoff (runoff from melting ice on the glaciated area). Figure 7 presents the seasonal distribution of the runoff components, and Table 5 gives their corresponding per cent contribution to the total annual runoff for the UM and US basins during the period of 1964-2013.
The rainfall runoff contributes to a respective 85.66%
and 85.81% of total runoff for the UM and US (Table 5 ). This suggests that the monsoon rainfall plays an important role in the runoff generated in the two regions. The snowmelt water, which contributes about 12.37% and 6.87% of the annual total runoff in the UM and US, is an important water source especially for irrigation in the spring season. total runoff differs between the two basins, with a proportion about 1.97% over the UM and a larger ratio (7.32%) in the US, respectively ( To evaluate potential changes in runoff-generated regimes, we separated our results into three periods, i.e., 1964-1990 (baseline period), 1991-2000 (1990s) and 2001-2013 (2000s) . Figure 9 illustrates mean monthly rainfall runoff, snowmelt, glacial runoff and total runoff for the three periods in the study basins. rainfall runoff exhibits an increment of 4.62% in comparison to .
In respect of snowmelt runoff, the long-term monthly average values in three periods over the focus areas are listed in Figure 9 Table 6 ). The individual role of rainfall runoff, snowmelt and glacial runoff in controlling the variation of total runoff can be quantitatively derived according to Equations (10) and (11). Table 7 lists the corresponding controlling roles of each runoff constituent in the trend of runoff for the years 1964-2013.
The roles of rainfall runoff, snowmelt and glacial runoff vary from basin to basin in the tendency of total runoff. For the UM, the increasing total runoff is the compounded effect of the rainfall runoff, snowmelt runoff and glacial runoff, all of which impose a positive impact on the upward trend of total runoff. In terms of respective hydrological role, the rainfall runoff, snowmelt and glacial runoff indicate a particular contribution of 96.42% (6.6 × 10 7 m 3 /yr was divided by 6.845 × 10 7 m 3 /yr), 1.54% (0.105 × 10 7 m 3 /yr was divided by 6.845 × 10 7 m 3 /yr) and 2.04% (0.14 × 10 7 m 3 /yr was divided by 6.845 × 10 7 m 3 /yr) to the change trend of the total runoff for the period of 1964-2013 (Table 7) . Meanwhile, for the US, the increasing rainfall runoff (3.93 × 10 7 m 3 /yr) and glacial runoff (1.14 × 10 7 m 3 /yr) both have a positive effect on the ascending trend of total runoff while decreasing snowmelt runoff (À0.4 × 10 7 m 3 /yr) imposes a negative impact on the change of total runoff, and is responsible for 84.22%, 24.33% and À8.56% in order.
DISCUSSION
The hydrological role of melt runoff
In this study, the rainfall runoff contributes to more than 85% of total runoff over the UM and US and so it is the dominant runoff component, which is similar to the study of Lutz et al. () . Being located in the southeastern This phenomenon is generally referred to as the glacier compensation effect (Zhao et al. ) . As shown in Figure 10 , there is an obvious negative correlation between glacial runoff and river total runoff during the warm season (May-October) over the two basins, which indicates that there is less glacial runoff in wet years but more glacial runoff in dry years. Taking the US as an example (Figure 10(b) ), the maximum contribution for glacial runoff to river total runoff can approach 16% during an extreme dry year while the mean value for glacial runoff's contribution is less than 8%. Hence, in these two regions, the regulating capacity for glacial runoff in total runoff is important and cannot be ignored even if the glacier area is no more than 2% of the whole basin.
In the future, the changes in temperature and precipitation will be expected to seriously affect the melt characteristics and the hydrologic regimes over these highaltitude regions, including changes in runoff magnitude, shift of intra-annual patterns of streamflow and the advance of turning point for glacial runoff. Therefore, more detailed study will be dedicated to the analysis of the hydrological effect of climate change in the region.
Model uncertainty
In this study, the VIC model linking with degree-day glacier algorithm, referred to as the VIC-glacier model, was utilized to detect the hydrological regime variation under recent warming climate. Although the VIC-glacier model was calibrated by using observed data or satellite data, there is still some probable uncertainty.
As indicated in Table 7 , the glacial runoff plays an important role in controlling streamflow trend over these two basins, although it is not the dominant factor for the (Table 3) . Also, the DDF ice and DDF snow in our study are comparable to other studies in the same regions. For example, the study from Su et al. () indicates that their adopted DDF ice for UM and US is 13.8 mm C À1 day À1 and 7.1 mm C À1 day À1 , respectively, which are comparable to our results. However, the DDFs have large spatial and temporal variation, which could greatly affect the accuracy of snow and ice melt modelling (Hock ; Tong et al.
)
. Even a single glacier could be subject to significant small-scale variations across its surface (Zhang et al. ) .
Meanwhile, altitude is also an important factor affecting the DDFs. Larger DDFs are found on glaciers situated at higher altitude, which may be caused by larger radiation and lower positive degree-day sum at the higher altitude (Kayastha et al. ) . In our work, the two groups of constant DDFs for the UM and US basically represent an average condition for glaciers in the respective basin, and would unavoidably result in uncertainties in the simulation results. Figure 11 
CONCLUSIONS
In this study, a coupled VIC and glacier model was applied to two catchments located in the Tibetan Plateau region to analyse the temporal evolution of the rainfall runoff, snow and glacier melt contribution to river total runoff during the past 50 years, and also to evaluate their roles in controlling streamflow trends. The following conclusions were made.
During the past 50 years, the total streamflow indicates an increasing trend in the two focus areas. There is also a general increasing trend for both rainfall runoff and glacial runoff in the UM and US. In terms of snowmelt runoff, it demonstrates an increasing trend over the UM while a decreasing tendency is exhibited in the US.
The rainfall runoff was considered as the dominant factor driving changes of river discharge, which can be responsible for over 84% of changes in the total runoff over all focus catchments. Meanwhile, the glacial runoff illustrates an increasing important role in the controlling streamflow trend under continuous climate warming, in comparison to the snowmelt runoff. Findings from this study can provide beneficial reference to water resource and eco-environment management strategies for governmental policy-makers.
